Activating mutations in the KRAS oncogene are prevalent in pancreatic ductal adenocarcinoma (PDAC). We previously demonstrated that pancreatic intraepithelial neoplasia (PanIN) formation, which precedes malignant transformation, associates with the expression of immediate early response 3 (Ier3) as part of a prooncogenic transcriptional pathway. Here, we evaluated the role of IER3 in PanIN formation and PDAC development. In human pancreatic cancer cells, IER3 expression efficiently sustained ERK1/2 phosphorylation by inhibiting phosphatase PP2A activity. Moreover, IER3 enhanced Kras G12D -dependent oncogenesis in the pancreas, as both PanIN and PDAC development were delayed in IER3-deficient Kras G12D mice. IER3 expression was discrete in healthy acinar cells, becoming highly prominent in peritumoral acini, and particularly high in acinar ductal metaplasia (ADM) and PanIN lesions, where IER3 colocalized with phosphorylated ERK1/2. However, IER3 was absent in undifferentiated PDAC, which suggests that the IER3-dependent pathway is an early event in pancreatic tumorigenesis. IER3 expression was induced by both mild and severe pancreatitis, which promoted PanIN formation and progression to PDAC in Kras G12D mice. In IER3-deficient mice, pancreatitis abolished Kras G12D -induced proliferation, which suggests that pancreatitis enhances the oncogenic effect of KRAS through induction of IER3 expression. Together, our data indicate that IER3 supports KRAS G12D -associated oncogenesis in the pancreas by sustaining ERK1/2 phosphorylation via phosphatase PP2A inhibition.
Introduction
Pancreatic ductal adenocarcinoma (PDAC) is likely to stem from a process known as acinar-to-ductal metaplasia, which involves either transdifferentiation of adult acinar cells or aberrant differentiation of their progenitors into ductal-like cells. These cells can subsequently progress into malignant adenocarcinoma through a series of histopathological lesions known as pancreatic intraepithelial neoplasias (PanINs) (1) . Activating mutations in the gene encoding the GTPase KRAS are nearly universal in human PDAC (2) , and targeting of mutated KRAS to mouse pancreatic progenitors recapitulates the human PanIN-to-PDAC progression sequence (3) . Early pancreatic lesions, including low-grade PanINs, already carry an activating KRAS mutation (4) , which indicates that mutation in this oncogene is one of the earliest events in the pathophysiology of PDAC. High-grade lesions develop upon accumulation of further mutational events, mainly involving inactivation of other tumor suppressors such as INK4A (also known as CDKN2A, P16, or ARF), TP53, SMAD4, or BRCA2 (5) . Several genetic and epigenetic factors (regulating senescence, autophagy, cell cycle, and apoptosis) may positively or negatively modulate the transforming activity of mutant KRAS in pancreatic cells, thereby modulating PanIN development. Among these factors, we recently described a novel intracellular pathway essential for KRAS transforming activity in the pancreas controlled by the pancreatitis-activated protein NUPR1 (also known as p8 or COM1), which involved RELB, but not RELA (6) . We demonstrated that genetic deletion of Nupr1 in mice inhibits Kras-dependent PanIN development in a Relbdependent manner. We also found that in this genetic context, Relb activation is dependent on Nupr1 expression. Consequently, pancreatic-specific deletion of Relb in a Kras G12D background resulted in delayed PanIN development. In addition, we found that disruption of this novel NUPR1-RELB transcriptional pathway affects the expression of genes encoding proteins that can serve as effectors of their function, such as immediate early response 3 (IER3) (6) . Thus, efficient PanIN formation is dependent on Nupr1 and Relb expression, with likely involvement of Ier3. However, the defined role of IER3 in PanIN development and its molecular mechanism remain to be established. IER3 (also known as IEX-1, p22/PRG1, Dif-2, or gly96) belongs to the immediate early response gene family (7, 8) . IER3 is a stressinducible gene exerting divergent effects on cellular responses in stressed cells. IER3 displays complex and sometimes divergent roles in cell cycle, differentiation, and survival depending on the cell type and stimulus under study (7) (8) (9) (10) (11) . The multiple cellular actions exerted by IER3 involve antagonism of various signaling pathways, in particular those regulated by ERKs. ERK activation involves a cascade of phosphorylation events, initiated by stimulation of RAS and ultimately leading to MEK1/2-mediated dual phosphorylation of ERK1/2 at neighboring Ser/Thr and Tyr residues in the activation loop (12) . The ERK pathway is implicated in Activating mutations in the KRAS oncogene are prevalent in pancreatic ductal adenocarcinoma (PDAC) . We previously demonstrated that pancreatic intraepithelial neoplasia (PanIN) formation, which precedes malignant transformation, associates with the expression of immediate early response 3 (Ier3) as part of a prooncogenic transcriptional pathway. Here, we evaluated the role of IER3 in PanIN formation and PDAC development. In human pancreatic cancer cells, IER3 expression efficiently sustained ERK1/2 phosphorylation by inhibiting phosphatase PP2A activity. Moreover, IER3 enhanced Kras G12Ddependent oncogenesis in the pancreas, as both PanIN and PDAC development were delayed in IER3-deficient Kras G12D mice. IER3 expression was discrete in healthy acinar cells, becoming highly prominent in peritumoral acini, and particularly high in acinar ductal metaplasia (ADM) and PanIN lesions, where IER3 colocalized with phosphorylated ERK1/2. However, IER3 was absent in undifferentiated PDAC, which suggests that the IER3-dependent pathway is an early event in pancreatic tumorigenesis. IER3 expression was induced by both mild and severe pancreatitis, which promoted PanIN formation and progression to PDAC in Kras G12D mice. In IER3-deficient mice, pancreatitis abolished Kras G12D -induced proliferation, which suggests that pancreatitis enhances the oncogenic effect of KRAS through induction of IER3 expression. Together, our data indicate that IER3 supports KRAS G12D -associated oncogenesis in the pancreas by sustaining ERK1/2 phosphorylation via phosphatase PP2A inhibition.
IER3 supports KRAS G12D -dependent pancreatic cancer development by sustaining ERK1/2 phosphorylation and PanINs at about 12 weeks of age (6) . The Kras G12D ;Ink4a fl/fl model serves specifically to simulate poorly differentiated PDAC; these animals develop aggressive tumors at 8 weeks of age (35) . Immunofluorescent (IF) analysis of normal pancreas tissue showed no detectable IER3 signal in acinar cells, regardless of the status of activated Kras G12D ( Figure 1A ). In contrast, PanINs, independent of grade, displayed high levels of IER3 in Kras G12D pancreas at 20 weeks of age ( Figure 1A) . In 8-week-old Kras G12D ;Ink4a fl/fl mice, IER3 expression was detected in well-differentiated glandular structures within PDAC tumors and principally in the peritumoral acini and low-grade PanINs. Interestingly, IER3 staining was faint or absent in poorly differentiated tumor cells ( Figure 1B) , although it was highly expressed in ADM lesions. These observations were also confirmed in pancreas lesions from another wellknown animal model, the Mist1;Kras G12D ;Trp53 +/transgenic mouse (36) , which develops a more differentiated type of tumor that shares several characteristics with human PDAC (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI76037DS1). Moreover, similar to our observations in Kras G12D ;Ink4a fl/fl mice, we found undetectable levels of IER3 in normal human pancreatic tissue, whereas morphologically normal acini located at the periphery of human PDAC showed substantial IER3 staining ( Figure 1C ). Similarly, IER3 levels decreased in preneoplastic lesions in the progression from well-differentiated to poorly differentiated, being strong in low-grade PanINs but barely detectable or undetectable in more advanced grades (Figure 1C) . We also examined the expression of IER3 in 2 groups of patients who, upon immunohistochemical (IHC) analysis, presented features of well-to-moderately differentiated PDAC. This experiment confirmed that IER3 expression was higher in well-tomoderately differentiated human adenocarcinoma (well-to-moderately differentiated, 3.93 ± 2.05 AU, n = 10; poorly differentiated, 0.41 ± 0.20 AU, n = 12; P < 0.05; Figure 1D ). In summary, the results obtained by both IF and IHC staining of mouse and human tissues revealed upregulation of IER3 within discrete acinar cells that became more prominent in larger acinar clusters, especially those located near PDAC, and particularly high in ADM and lowgrade PanINs. Thus, high levels of IER3 appear to be necessary during the early events of pancreatic carcinogenesis, likely helping to establish the process of initiation.
IER3 depletion delays Kras G12D -driven PanIN and PDAC development. To determine whether pretumoral lesions and PDAC development require the presence of IER3, we generated 2 novel mouse lines by crossing Kras G12D and Kras G12D ;Ink4a fl/fl mice with Ier3 -/mice (37) . At least 12 inbred crosses were made for each new transgenic mouse line before evaluation in order to assure a homogeneous genetic background. All mice were viable, fertile, and showed no obvious abnormality. As illustrated in Figure 2A diverse cellular processes, including proliferation, differentiation, and survival. This variety of biological responses is determined by the cell-specific combination of downstream substrates and differences in the magnitude and kinetics of ERK signaling (13, 14) . The length of time that ERKs are active depends on the nature of the stimuli, the cooperation of several pathways downstream of RAS, the localization of the kinases, or the presence of scaffold proteins (12) . It has been shown that IER3 prolongs ERK phosphorylation and ERK activation, thereby triggering phosphorylation of ERK substrates (15) . This effect of IER3 involves direct interaction with the regulatory PP2A subunit B56. By bridging ERK to B56, IER3 contributes to ERK-dependent phosphorylation of B56, with subsequent dissociation from the catalytic PP2A subunit and, consequently, potentiation of ERK signaling (16) . This reduced B56-regulated PP2A activity causes sustained ERK1/2 activation with concomitant phosphorylation of several target proteins (17) .
Previous studies in human cancers have revealed differential expression for IER3 not only in tumor versus normal tissue, but also in the same tumor type of different disease stages. Positive IER3 expression is associated with good prognosis in ovarian cancer, where IER3 functions as a proapoptotic factor to restrict tumor growth (18, 19) . On the contrary, a high level of IER3 expression appears to link poor survival of patients with multiple myeloma (20) (21) (22) (23) (24) (25) , Sézary syndrome (26) (27) (28) , and breast cancer (29) , in part due to a prosurvival effect of IER3 on cancer cells. In myelodysplastic syndromes, IER3 expression increases gradually with disease development toward acute myeloid leukemia (23, 24) . Finally, IER3 appears to play distinct roles in different subsets or stages of colon cancer (30) (31) (32) as well as pancreatic cancer (6, 33, 34) . Thus, the definitive roles of IER3 in the initiation, promotion, and/or progression of these gastrointestinal malignancies remain to be defined. Here, we sought to elucidate whether IER3 plays a role in Kras oncogenedriven PanIN-to-PDAC formation, using well-characterized engineered mouse models for pancreatic cancer. We found that deletion of Ier3 delayed PanIN development in Pdx1-Cre;LSL-Kras G12D (referred to herein as Kras G12D ) animals. In addition, deletion of Ier3 significantly reduced PDAC incidence and consequently extended the survival of compound Kras G12D ;Ink4a fl/fl animals. Moreover, we showed that IER3 expression was induced by tumor-promoting stimuli such as pancreatitis, which, in the presence of oncogenic Kras, acts as a well-known tumor-promoting mechanism. However, pancreatitis in Ier3 -/mice abolished the growth-promoting role of this oncogene. Mechanistically, we found that these effects of IER3 on pancreatic cancer growth occurred primarily by a role of this protein in enhancing ERK1/2 phosphorylation through an inhibitory effect on PP2A phosphatase activity. These observations extend our understanding of molecular mechanisms underlying pancreatic carcinogenesis and identify IER3 as a potential target for therapies aimed to control the oncogenic potential of Kras.
Results
IER3 is expressed in acinar ductal metaplasia (ADM), PanINs, and peritumoral acini in both murine and human pancreatic cancers. To better dissect the role of IER3 in PDAC development in vivo, we used 2 complementary mouse models. The Kras G12D mouse model is the tool of choice for studying initial, well-differentiated pretumoral lesions, since these mice reproducibly develop metaplasia jci.org Volume 124 Number 11 November 2014 more pronounced differences between genotypes, were obtained at 25 and 40 weeks of age (P < 0.0001 for both; Figure 2A ). system (8), we sought to rule out the possibility that IER3-mediated impairment of ADM and PanIN formation was not in fact through an indirect effect. We first used the innovative method of Bar-Sagi and colleagues (38, 39) , which relies on isolation of pancreatic ductal epithelial cells (PDECs) from Kras G12D ;Ier3 +/+ and Kras G12D ;Ier3 -/animals and their transduction with Cre-encoding adenovirus (referred to herein as Ad-Cre). In this setting, we observed increased BrdU incorporation in the Cre-transduced PDECs from Kras G12D ;Ier3 +/+ pancreas compared with cells transduced with null control adenovirus (Ad-null; Figure 3A ). No statistically significant increase was detected in Kras G12D ;Ier3 -/-PDECs treated in the same manner ( Figure 3A ). We also evaluated the ability of acini isolated from Kras G12D ;Ier3 +/+ or Kras G12D ;Ier3 -/pancreas to form ADM in vitro after Kras G12D activation by Ad-Cre. Importantly, morphological examination of the acini from Kras G12D ;Ier3 -/mice showed a 25.0% ± 2.98% incidence of ADM events after Ad-Cre transduction ( Figure 3B ). In contrast, Cre-mediated Kras G12D activation produced ADM-like structures on only 10.5% ± 1.29% of Kras G12D ;Ier3 -/acini ( Figure 3B ). Together, these results demonstrated that IER3 plays an important role in Kras G12D -dependent ADM development in vitro in the absence of any external stimulus, including the immune system. IER3-dependent ERK phosphorylation contributes to pancreatic tumorigenesis. IER3 has been previously shown to undergo phosphorylation by ERK1/2 and can also potentiate the activation of these kinases in response to several growth factors in different nonpancreatic cell types (15) . Thus, to investigate whether IER3 is involved in the regulation of ERK1/2 activity in pancreatic cancer cells, we evaluated the effect of its depletion on these signaling proteins. We knocked down IER3 expression in human pancreatic cancer cells using siRNA and subsequently monitored ERK1/2 phosphorylation (p-ERK1/2). After 48 hours of IER3 siRNA treatment of MiaPaCa2 cells, IER3 protein levels decreased approximately 95%, with a concomitant 45% reduction in p-ERK1/2 (Supplemental Figure 2 Figure 2B ). These findings were further supported by IF and flow cytometry analyses, which showed a 48% decrease of ERK1/2 activation in response to IER3 depletion (Supplemental Figure 2, C and D). We previously demonstrated that IER3 expression in human pancreatic cell lines decreases upon genetic inactivation of both NUPR1 and RELB (6) . We therefore speculated that RELB and NUPR1 could have a role in ERK1/2 activation by affecting IER3 expression. To test this hypothesis, we transfected MiaPaCa2 cells with siRNA against NUPR1 or RELB and measured p-ERK1/2 by Western blot analyses (Supplemental Figure 2G ). These 19 (CK19) revealed replacement of the acinar for the ductal cell marker. In contrast, lesions of any type were not frequently found in Kras G12D ;Ier3 -/pancreases, which also stained negative with the PAS technique ( Figure 2B ). Thus, these genetic modeling experiments led us to conclude that IER3 expression is indeed necessary for Kras G12D -mediated initiation in the exocrine pancreas.
Subsequently, we investigated the role of IER3 during more advanced steps of PDAC carcinogenesis by crossing Ier3 -/mice with Kras G12D ;Ink4a fl/fl mice, which carry inactivation of the tumor suppressor Ink4a (whose loss exerts tumor promotion of experiments showed the siRNA-mediated decreases in NUPR1 and RELB both dramatically decreased p-ERK1/2 (by 49% and 42%, respectively), similar to the results obtained with IER3 knockdown. Moreover, we found that overexpression of IER3 rescued these effects (Supplemental Figure 2G ). Similar results were obtained with Panc1 pancreatic cancer cells. Together, these data suggest that activation of ERK1/2 by the NUPR1/RELB pathway is dependent on IER3 expression in pancreatic cancer cells. Altered p-ERK1/2, but not p-MEK1/2, in the pancreas of Kras G12D ;Ier3 -/mice. Recent data suggesting that RAS activation must reach a minimum threshold in order to transform the pancreas (40) led us to examine whether IER3 is one of the proteins that modulates the signaling function of this oncogene. We evaluated the activity of its downstream effectors, namely p-MEK1/2 and p-ERK1/2, using IHC. At 14 weeks of age, the pancreases from Kras G12D ;Ier3 -/mice and Kras G12D ;Ier3 +/+ controls exhibited comparable p-MEK1/2 levels ( Figure 4A ). Nevertheless, active p-ERK1/2 was present in lesions and a few isolated acinar regions of Kras G12D ;Ier3 +/+ mice; in contrast, in Kras G12D ;Ier3 -/pancreas, active p-ERK1/2 was barely detectable ( Figure 4A ). Quantitatively, we found that the Ier3 -/genotype was associated with reduced p-ERK1/2 levels compared with the control at 14 (0.49 relative units; interquartile range [IQR], 0.35-0.64) and 40 (0.25 relative units; IQR, 0.19-0.33) weeks of age. Similar results were obtained in Kras G12D ;Ink4a fl/fl ;Ier3 +/+ pancreas, which had active p-MEK1/2 at 5 weeks (prior to substantial transformation) and at 8 weeks (PDAC development). Additional experiments using IHC for p-ERK1/2 in 5-week-old Kras G12D ;Ink4a fl/fl ;Ier3 +/+ mice revealed several positive isolated acinar regions (20%-45% of total pancreas; Figure 4B ). In stark contrast, 5-week-old Kras G12D ;Ink4a fl/fl ;Ier3 -/mice showed no p-ERK1/2 staining. Staining for p-ERK1/2 was also positive at 8 weeks of age in PDAC of Kras G12D ;Ink4a fl/fl ;Ier3 +/+ animals, but negative in Kras G12D ;Ink4a fl/fl ;Ier3 -/animals, where it was found to be limited to stromal cells ( Figure 4B ). The validity of these results was corroborated by Western blot, which showed reduced p-ERK1/2 in Kras G12D ;Ink4a fl/fl ;Ier3 -/relative to Kras G12D ;Ink4a fl/fl ;Ier3 +/+ mice at 8 weeks of age (0.33 relative units; IQR, 0.2-0.75; Figure 4B ). More importantly, in Kras G12D ;Ink4a fl/fl ;Ier3 +/+ pancreatic tissue, we observed substantial colocalization between IER3 and p-ERK1/2 within PanIN structures ( Figure 4C ). Together, these results suggest that IER3 is necessary in order to maintain the p-ERK1/2 level required for Kras G12D -dependent malignant transformation in vivo. We studied the tumor growth capacity of the Kras G12D ;Ink4a fl/flderived tumor cell lines CKΔI-1 and CKΔI-2 (see Methods), modulating the cells' p-ERK1/2 by expressing HA-IER3, HA-IER3-ΔBD, HA-IER3-T18A, and ERK2-L73P/S151D (constitutive activated form of ERK) constructs or by knocking down IER3 expression using shRNA. Efficiency of the transfection was controlled by Western blot measurement of p-ERK1/2 levels (Supplemental Figure 3A) . Surprisingly, no significant differences in tumor growth were found when the cells were xenografted in nude mice. mental Figure 3 ), which together indicate that IER3 plays a role in the early stages of neoplastic transformation. Pancreatitis-induced tumorigenesis requires IER3 expression. Oncogenic KRAS expression, confined to acinar or islet cell compartments, contributes to PDAC formation in the setting of pancreatitis (41, 42) . Figure 5A shows the expression of IER3 in inflammation-positive areas within the pancreas of Kras G12D mice and in peritumoral-inflamed regions in human PDAC. In these samples, Figure 3B ). Together, these observations suggested that changes in IER3 expression that effect the intracellular level of p-ERK1/2 have no effect on cell growth of readily cancerous human cell lines. These results support inferences derived from both the expression data in mice and humans and the modeling experiments in Kras G12D ;Ink4a fl/fl ;Ier3 -/mice (Figure 1 and Supple- 
Moreover, both MiaPaCa2 and Panc1 cells (with decreased IER3 expression) grew similarly as xenografts in nude mice (Supplemental

Discussion
Using genetically engineered mice, we recently demonstrated that Kras G12D -dependent PanIN formation required the expression of Nupr1 (6) . Additional experiments suggested that RELB could be one mediator of these effects. This hypothesis was supported by the observation that Relb-deficient mice showed a significant delay in PanIN development (6) . Consequently, IER3 was selected as a putative mediator of the RELB effect, as a target gene of Nupr1 and Relb (6) . These prior studies prompted us to define whether IER3 plays a role in PanIN development. Our present data demonstrated that IER3 expression efficiently sustains p-ERK1/2 and enhances the effects of Kras G12D in the pancreas. We also showed that Nupr1 and Ier3 were concomitantly induced in the pancreas with pancreatitis, an inflammatory process that promotes PanIN formation and progression to PDAC development in the context of Kras oncogenic activation (41, 42) . Finally, we demonstrated that NUPR1 and RELB enhance ERK1/2 activation in an IER3-dependent manner, which indicates that these 3 proteins are linked into a single cascadesequentially, pancreatitis followed by NUPR1, RELB, IER3, and finally p-ERK1/2 -that ultimately supports PanIN development after pancreatitis. Previous studies using convincing genetic approaches have clearly demonstrated that ERK1/2 activity is critical for Kras-dependent tumor development (39) . Consequently, all upstream and downstream stimuli affecting ERK1/2 activity could likely regulate both PanIN and PDAC development. In fact, p-ERK1/2 is dependent on the relative balance between kinase and phosphatase activity levels. The PP2A enzyme has long been identified as the major Ser/Thr phosphatase involved in ERK1/2 inactivation (43) . PP2A is involved in a broad range of cellular processes (44) , and this diversity of functions is conferred by a multiplicity of regulatory subunits. The PP2A holoenzyme is a heterotrimer that consists of a core dimer, composed of a scaffold, and a catalytic subunit that associates with various regulatory subunits. The regulatory subunits have been divided into 3 gene families, named B (also known as PR55), B′ (B56 or PR61), and B′′ (PR72), each of which consists of several members (45) . The B subunits determine substrate specificity and subcellular localization. B56β or B56γ, but no other B family members, increase PP2A-dependent ERK1/2 dephosphorylation (16) . Mechanistically, our experimental evidence supports a model whereby IER3 binds to B56, enhances B56 phosphorylation by ERK1/2, which in turn triggers dissociation from the catalytic subunit and thereby inhibits PP2A, resulting in sustained p-ERK1/2 (16) . Hence, through this function, IER3 can serve as a regulator of the oncogenic activity of Kras G12D . It is therefore likely that pathological situations that induce IER3 overexpression can associate with sustained ERK1/2 activity and, in this manner, facilitate Kras G12D transformation. Here we demonstrated that pancreatitis induces IER3 overexpression and a concomitant increase in active ERK, supporting the hypothesis that pancreatitis enhances the Kras-oncogenic role, at least in part, through this mechanism. We provided experimental evidence supporting this hypothesis in vivo by using 2 complementary mouse models of PDAC in which Ier3 was genetically inactivated. Although the inactivation of Ier3 IER3 expression was elevated in discrete acinar clusters. IER3 expression also increased about 4-fold in Kras G12D mice during induction of experimental acute pancreatitis, which was accompanied by p-ERK1/2 activation ( Figure 5 , B and C). Activation of these MAPKs, however, was markedly lower in Kras G12D ;Ier3 -/pancreas ( Figure 5C ), suggestive of a key role of IER3 in maintaining ERK1/2-dependent signaling. These findings led us to hypothesize that IER3 expression during pancreatitis enhances the transforming properties of oncogenic Kras G12D . To test this hypothesis, we treated 8-week-old Kras G12D ;Ier3 +/+ and Kras G12D ;Ier3 -/mice with 250 μg/kg of the pancreatitis inducer cerulein. We used 2 cerulein treatment protocols to analyze tissue damage and cancerous lesion induction: the first consisted of daily cerulein injection for 3 days followed by a 5-day recovery period before tissue analysis ( Figure 5D ); the second, which induced more severe damage, consisted of daily cerulein injection for 5 days followed by a 7-day recovery period ( Figure 5E ). Interestingly, when applied to Kras G12D ;Ier3 +/+ mice, both pancreatitis induction models caused extensive replacement of the normal pancreatic tissue by fibrosis and inflammation, with the majority of epithelial cells replaced by ADM and PanINs in 100% of cases (n = 6 per group; Figure 5 , D and E). However, vehicle-treated Kras G12D ;Ier3 -/mice had normal pancreases, and pancreatitis-induced Kras G12D ;Ier3 -/mice presented only ADM and low-grade PanINs in 33.3% of cases (2 of 6; Figure  5 , D and E). Therefore, we concluded that IER3 expression induced by pancreatitis in acinar cells enhances the effect of the Kras G12D oncogene. Similar results were obtained using the Kras G12D ;Ink4a fl/fl mouse model after inducing tumorigenic development by pancreatitis induction. We treated 5-week-old Kras G12D ;Ink4a fl/fl ;Ier3 +/+ , Kras G12D ;Ink4a fl/fl ;Ier3 +/-, and Kras G12D ;Ink4a fl/fl ;Ier3 -/mice with cerulein daily for 5 days, followed by recovery until 30 weeks of age. If mice did not develop PDAC by this time point, pancreases were removed for examination ( Figure 6A) . Kras G12D ;Ink4a fl/fl ;Ier3 +/+ mice subjected to recurrent pancreatitis showed a median survival of 8.44 ± 0.31 weeks with cerulein treatment, compared with 11.40 ± 0.41 weeks with vehicle treatment (P < 0.005, log-rank test; Figure  6 , B and C). Of the Kras G12D ;Ink4a fl/fl ;Ier3 +/animals, none with pancreatitis survived, compared with 40.0% of the untreated group (P < 0.05, log-rank test); in these mice, pancreatitis shortened the median survival time by 5 weeks, from 24.40 ± 2.63 to 19.00 ± 1.14 weeks. Interestingly, 75.0% of Kras G12D ;Ink4a fl/fl ;Ier3 -/mice survived to the expected time, with their pancreases showing normal acini. However, upon induction of pancreatitis, the survival of these animals decreased to 50% (pancreatitis, median survival 20.96 ± 3.2 weeks; vehicle, 26.25 ± 2.30 weeks) and showed ADM and PanINs at 30 weeks. Notably, survival was not significantly different between treatment groups in Kras G12D ;Ink4a fl/fl ;Ier3 -/mice (P > 0.05, log-rank test; Figure 6 , B and C); this suggests that even though the pancreas was challenged to develop PDAC by cerulein treatment, the lack of Ier3 enabled animals to withstand the tumorigenic process. However, we still observed significant differences in cumulative survival among the 3 genotypes subjected or not to pancreatitis (P < 0.0001, log rank test; Figure 6B ). These observations indicate that the requirement for IER3 signaling during PanIN and PDAC development cannot be compensated for by the loss of the tumor suppressors encoded by the Ink4a locus (p16/p19), even when tumor promotion is forced by pancreatitis induction. jci.org Volume 124 Number 11 November 2014
Importantly, we observed positive immunostaining for p-MEK1/2 in nontransformed areas within the pancreas of Kras G12D mice, which was expected since MEK1/2 is a downstream factor of oncogenic Kras. However, p-ERK1/2 immunostaining appeared negative in acini pancreatic cells, which indicates that although oncogenic Kras signaling efficiently activates MEK1/2, a downstream regulator of p-ERK1/2 is dampening this signal could therefore inhibit the oncogenic Kras effect. According to our findings, the phosphatase PP2A seems to be one of these factors. Interestingly, immunostaining of p-ERK1/2 and IER3 was positive in ADM and PanINs. We therefore hypothesize that factors inhibiting PP2A phosphatase activity (such as IER3) could facilitate the Kras oncogenic effects, leading to transformation, whereas in areas in which PP2A activity remains conserved, Krasdriven transformation does not occur. Indeed, IER3 expression was observed in early transformation processes such as ADM and early PanINs, but decreased or even disappeared in late PanINs and PDAC, especially in poorly differentiated tumors (Figure 1 , B and C), which supports the idea that IER3 is necessary for the delayed both PanIN and PDAC development, these were accelerated by pancreatitis induction to a significantly lesser extent in the Ier3-deficient mice ( Figures 5 and 6 ), which indicated that other pancreatitis-associated factors besides IER3 are involved in PanIN and PDAC development. One of these factors could be EGFR, since it is activated in pancreas with pancreatitis and its inactivation inhibits Kras-dependent PDAC development in mice (38, 46) . Recently, Kawahara and colleagues found that IER3 protein was highly expressed in response to EGF stimulation along with enhanced p-ERK1/2 (47) . This result suggests the possibility of cross-talk between the EGFR and IER3 pathways, since signals emanating from an active EGFR are transduced by p-ERK1/2. Thus, our present findings extend the knowledge of how MAPKs are regulated in order to transduce oncogenic signals from stimuli that activate Kras. Thus, combining observations in human tissue with cellular and molecular studies as well as in vivo genetic models for initiation (Kras G12D ) and progression (Kras G12D ;Ink4a fl/fl and cerulein-treated Kras G12D ) may shed light on the types of pathways that further regulate these processes. 2 models of recurrent pancreatitis followed by a recovery time ( Figure 5 , D and E, and Figure 6A ). Because animals were from different genetic backgrounds, we systematically used littermate control and experimental mice. Moreover, in each obtained pancreas sampled, LSL-Kras G12D recombination was checked by PCR, as previously described (3). Cell culture and transfections. MiaPaCa2 and Panc1 cells obtained from ATCC were maintained in DMEM (Invitrogen) supplemented with 10% FBS at 37°C with 5% CO 2 . INTERFERin reagent (Polyplustransfection) was used to perform siRNA transfections according to the manufacturer's protocol. Scrambled siRNA, targeting no known gene sequence, was used as negative control. The sequences of IER3-specific siRNA were previously reported (6) . Active ERK1/2 analysis by flow cytometry was performed by standard staining protocol on a FACSCalibur flow cytometer (BD Biosciences). Data analysis was performed using CellQuest (BD Biosciences) or Flow-JO (Treestar) software. Lipofectamine 2000 Transfection Reagent (Life Technologies) was used to perform plasmid transfections according to the manufacturer's protocol, and plasmids used were described previously (15, 16) .
IHC and IF. Pancreatic sections were fixed in 4% paraformaldehyde and paraffin embedded. H&E and PAS IHC and IF were performed using standard procedures. Sections were probed with the following primary antibodies: p-ERK1/2 (phosphorylated p44/42 MAPK) (Thr202/Tyr204) (Cell Signaling) for IHC, p-ERK1/2 (Thr202/ Tyr204) XP (Cell signaling) for IF and flow cytometry, p-MEK1/2 (Ser221) (Cell signaling) for IHC, pancreatic amylase antibody (Abcam), CK19 (Santa Cruz Biotechnology), and previously described anti-IER3 antiserum (15) . Alexa Fluor 488 and 594 (Invitrogen) were used as secondary antibodies. Samples were mounted in ProLong Antifade Reagent with DAPI (Invitrogen) and examined using an Eclipse 90i Nikon microscope.
Quantification of IER3-positive lesions per tissue. The number of peritumoral acini and low-and high-grade PanINs were calculated by determining the number of IER3-positive lesions (as determined by IF or IHC) per tissue; data are expressed as the percentage of the total number of lesions in the tissue.
Quantification of lesions per mouse. The number of lesions per field was counted, and the lesion types were classified on H&E-stained slides. Values were quantified as the average of 15-20 ×20 fields of view from at least 5 mice per genotype.
Real-time quantitative PCR. Pancreas RNAs from human PDACs were prepared following Chirwin's protocol (52) . RNA from cells was prepared using TRIzol Reagent (Invitrogen) and reversed transcribed using Go Script (Promega) according to the manufacturer's instructions. Real-time quantitative PCR was performed in a Stratagene cycler using Takara reagents. The sequences of the primers used to amplify human IER3 mRNA were 5′-CAGTCGAGGAACCGAACCC-3′ (forward) and 5′-GATCTGGCAGAAGACGATGGT-3′ (reverse).
Immunoblotting. Protein extraction was performed on ice using total protein extraction buffer (50 mM HEPES, pH 7.5; 150 mM NaCl; 20% SDS; 1 mM EDTA; 1 mM EGTA; 10% glycerol; 1% Triton; 25 mM NaF; 10 μM ZnCl 2 ; and 50 mM DTT). Before lysis, protease inhibitor cocktail at 1:200 (Sigma-Aldrich, NUPR1340), 500 μM PMSF, 1 mM sodium orthovanadate, and 1 mM β glycerophosphate were added. Protein concentration was measured using a BCA Protein Assay Kit (Pierce Biotechnology). Protein samples (60 μg) were denatured at initial (tumor initiation) rather than latter steps during pancreatic carcinogenesis. It is important to note that IER3 was overexpressed in peritumoral pancreatic tissue, an area in which ADM and PanINs are frequently found. Thus, we speculate that IER3 expression is involved in the development of these lesions. In support of this idea, we showed that modifications of IER3 activity in PDAC-derived cells, and its consequences on p-ERK1/2, had almost no effect on tumor growth when xenografted in nude mice (Supplemental Figure 3) . These data are in agreement with clinical observations that ERK1/2 inhibitors are an inefficient treatment for patients with PDAC.
Our results must be discussed in comparison with a previous study by Sasada and colleagues, who studied 78 patients with PDAC and found that 53% had positive staining for IER3 in the pancreas, which correlated with a better survival time than patients with negatively stained tumors (33) . In contrast, we recently reported that expression of IER3 was associated with a poor prognosis in a group of 34 patients with PDAC (6) . We currently cannot explain this difference, although the discrepancy likely results from IER3 detection in different stages and different types of PDAC. Nevertheless, in the present work, we unambiguously found that IER3 was upregulated in ADM and low-grade PanINs, at levels that were higher in well-to-moderately differentiated than in poorly differentiated tumors (Figure 1, A-D) . Thus, we conclude that although IER3 is an important regulator of PDAC development, it does not function as a reliable prognostic marker for PDAC patients since its expression changes during disease progression, with higher levels at the early phases and lower levels at the late ones. In contrast, from our previous studies and the work reported herein, we infer that an important functional role for IER3 in PanIN formation and PDAC development is mediated through its effect on PP2A activity, which affects p-ERK1/2 stability. However, since IER3 is a multifunctional factor, additional work is required to define whether this protein exerts additional protumoral effects through interference with other signaling pathways, in particular NF-κB (10, 48) and PI3K/AKT (17) . Similarly, with respect to cellular mechanisms, it is possible that this protein additionally modulates pancreatic carcinogenesis by modifying immunological responses (49, 50) and apoptosis (10, 11, 28, 51) , which are well-characterized players in the process of pancreatic cell transformation. Thus, our present findings not only extend the existing knowledge in the field, but also generate the rational for additional studies.
In conclusion, we have shown that IER3 plays an important role in supporting the oncogenic effect of Kras G12D in pancreas by sustaining p-ERK1/2, probably by inhibiting the phosphatase PP2A. Given that Kras is mutated in the majority of pancreatic cancer, the mechanisms by which its oncogenic signals are modulated by distinct effectors, such as IER3, bear significant biomedical relevance.
Methods
Mice. Kras G12D (Pdx1-Cre;LSL-Kras G12D ), Kras G12D ;Ink4a fl/fl (Pdx1cre;LSL-Kras G12D ;Ink4a fl/fl ), and Ier3 -/strains have been described elsewhere (6, 35, 37) . Pancreatitis was induced by cerulein (Sigma-Aldrich) administration i.p. at 250 μg/kg body weight; we used
